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• Why	far-IR?		Scientific	opportunities	from	space,	including	SPICA.
• Far-IR	detector	system	requirements.
• Detectors	system	approaches	and	examples.
• Outlook
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Why	Far-Infrared?

• ~Half	of	the	remnant	electromagnetic	light	from	stars	and	galaxies	is	in	the	far-IR.
• Far-IR	background	is	a	cosmological	background,	not	a	low-redshift	phenomenon.		

• Most	of	energy	from	star	formation	and	accretion	activity	emerges	in	the	far-IR.			
• Young	stars	and	accreting	black	holes	are	obscured	by	their	very	fuel.

• Mechanisms	driving	these	transformative	processes,	and	the	results	are	inaccessible	in	the	optical	/	NIR.
• Reionization	epoch	in	particular	– vital	historically	but	leaves	little	in	backgrounds.
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Figure 2. The cosmic optical and infrared background light from 0.1 to 100µm. The data points with error bars are direct estimates using
DIRBE (red circles: [26,27]; stars: [28] at 1.25 and 2.2µm; [29] at 2.2 and 3.5µm; [30] at 2.2 and 3.5µm; open squares at 140 and 240µm;
[3]), IRTS (purple crosses; [31]), Spitzer at 3.6µm (open triangle; [32]), Hubble (green circles; [33]), UVS/STIS (blue upper limits; [34,35]),
CIBER (blue circles; model-dependent based on fluctuation measurements; [36]), FIRAS (black line; with an overall uncertainty of 30%
between 200µmand 1.2mm; [22] also [4]) and IRAS (blue square; 60µm fluctuation-based estimate of EBL with IRAS; [37]). The lower
limits to the EBLare from integratedor source counts usingHubble [38,39], Spitzer/IRAC [40], ISO [41], Spitzer/MIPS [42,43], Herschel/PACS
[44], Herschel/SPIRE [45] and SCUBA [46]. The blue shaded region is the estimate of EBL using theHESS TeV blazar absorption spectra [21].
Apart from recent Herschel measurements, CIBER and the estimate of EBL from HESS, all other measurements plotted here are tabulated
in Hauser & Dwek [47]. This figure is based on a previous figure by Dole et al. [48] that summarized these EBL and integrated galaxy count
measurements.

approximately 50 GeV blazars are able to fully account for the background, with an estimate of 86+16
−14%

explained by extrapolated blazar counts in Fermi-LAT Collaboration [54]. Between 0.1 and 50 GeV,
blazars account for about 20% of the CGB. The rest are due to other populations of AGNs and SFGs. We
refer the reader to a comprehensive review by Fornasa & Sánchez-Conde [55] on the source populations
contributing to CGB and existing population models in the literature.

The literature also considers the possibility of a dark matter-induced signal in the γ-ray background
(see [56] for a review). This could be from dark matter that decays into standard particles (e.g. [57,58]) or
due to annihilation products [59] (see also [60]). These γ-rays will form an anisotropic signal associated
with our Galaxy and mostly an isotropic background that diffusely traces the dark matter halos of all
other galaxies. A direct detection of a signal associated with dark matter decay has been attempted
towards the Galactic centre (e.g. [61]) and nearby dwarf galaxies that are considered to be dark matter
rich (e.g. [62,63]). The claims of γ-ray excesses towards the Galactic centre have been questioned as
whether due to pulsars or other astrophysical foregrounds (e.g. [64,65]), while the signal towards dwarf
galaxies remains at the level of a 3σ detection (e.g. [66]).

Owing to spatial resolution and the all-sky nature of the CGB measurements, Fermi-LAT also provides
a treasure trove of data beyond the energy spectrum. In particular, anisotropies or spatial fluctuations of
the CGB have been pursued to study the nature of faint sources that can account for the small diffuse
signals in the CGB below the point source detection of current high-energy instruments. The angular
power spectrum of the CGB is mostly Poisson or shot-noise like between multipole ell ranges of 150–500,
corresponding to 30 arcmin to 3◦ angular scales on the sky (e.g. [67]). Moving beyond auto spectra, cross-
correlations of the anisotropies can also be pursued (e.g. [68]). For an example, the diffuse CGB signal
from all of decaying dark matter in the universe can be studied via cross-correlations with large-scale
structure tracers of the same dark matter, such as weak lensing maps (e.g. [69]). Existing cross-correlation
attempts using Fermi-LAT data include both the CMB lensing map from Planck [70] and galaxy weak
lensing in the CFHT Lensing Survey [71]. Such studies will be improved in the future with wider area
galaxy lensing surveys such as those expected from the dark energy survey and large synoptic survey
telescope.

Over the next decade, CGB studies will be extended to higher energies with the Cherenkov Telescope
Array (CTA) that is expected to cover 10 GeV to 10 TeV energy range [72]. CTA will allow studies
related to CGB fluctuations at higher energies, especially TeV scales where there are still no reliable
measurements on the spectrum or intensity fluctuations. We also lack a complete understanding of
the sources that contribute to CGB at 1–10 MeV scales, below the 100 MeV sensitivity of Fermi-LAT.
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Figure 8
(a) SFR densities in the FUV (uncorrected for dust attenuation) and in the FIR. The data points with symbols are given in Table 1. All
UV and IR luminosities have been converted to instantaneous SFR densities using the factors KFUV = 1.15 × 10−28 andKIR = 4.5 ×
10−44 (cgs units) valid for a Salpeter IMF. (b) Mean dust attenuation in magnitudes as a function of redshift. Most of the data points
shown are based on UV spectral slopes or stellar population model fitting. The symbol shapes and colors correspond to the data sets
cited in Table 1, with the addition of Salim et al. (2007) (cyan pentagon). Two versions of the attenuation factors are shown for
UV-selected galaxies at 2 < z < 7 (Reddy & Steidel 2009, Bouwens et al. 2012a) (offset slightly in the redshift axis for clarity): one
integrated over the observed population (open symbols), the other extrapolated down to LFUV = 0 (filled symbols). Data points from
Burgarella et al. (2013) (olive green dots) are calculated by comparing the integrated FIR and FUV luminosity densities in redshift bins,
rather than from the UV slopes or UV-optical spectral energy distributions. Abbreviations: FIR, far-infrared; FUV, far-UV; IMF,
initial mass function; IR, infrared; SFR, star-formation rate.

samples. The local FIRLF has not been drastically revised since the final IRAS analyses (Sanders
et al. 2003, Takeuchi et al. 2003); additional AKARI data did not drastically change earlier results
(Goto et al. 2011a,b; Sedgwick et al. 2011). The biggest remaining uncertainties pertain to the
faint-end slope, where measurements vary significantly from α = −1.2 to −1.8 (or, somewhat
implausibly, even −2.0) (e.g., Goto et al. 2011b). Analysis of the widest-area FIR surveys from
Herschel, such as H-ATLAS (570 deg2) (Eales et al. 2010), may help with this. The present un-
certainties lead to a difference of a factor of at least 2 to 3 in the local FIR luminosity density.
Nevertheless, as previously noted, in today’s relatively “dead” epoch of cosmic star formation, a
significant fraction of the FIR emission from ordinary spiral galaxies may arise from dust heated
by intermediate-age and older stellar populations, not newly formed OB stars. Hence, it is not
necessarily the best measure of the SFR. At higher redshifts, when the cosmic-specific SFR was
much larger, new star formation should dominate dust heating, making the IR emission a more
robust global tracer.

Local measurements of the SMD have relied mainly on purely optical data (e.g., SDSS pho-
tometry and spectroscopy) or on relatively shallow NIR data from 2MASS. There may still be
concerns about missing light, surface brightness biases, etc., in the 2MASS data (e.g., Bell et al.
2003), and deeper very-wide-field NIR data would be helpful. All-sky MIR data from WISE may
be valuable and have been used by Moustakas et al. (2013), but without extensive analysis specifi-
cally focused on this topic. Deeper NIR data covering a significant fraction of the sky, either from

454 Madau · Dickinson

A
nn

u.
 R

ev
. A

str
o.

 A
str

op
hy

s. 
20

14
.5

2:
41

5-
48

6.
 D

ow
nl

oa
de

d 
fro

m
 w

w
w

.an
nu

al
re

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 N

A
SA

 Je
t P

ro
pu

lsi
on

 L
ab

or
at

or
y 

on
 0

4/
06

/1
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
Cooray,	adapted	from	Dole	et	al,	2006 Madau &	Dickinson,	2014

Far-IR	SIG					M.	BradfordJanuary	9,	2018 2



• OST
Origins	Space	Telescope	-- Far-IR	
flagship	under	study	for	NASA	
submission	to	2020	Decadal	(9m	
version	shown).			Cooled	to	4	K,	100s	
of	kilo-pixels.		2nd	concept	under	
design	now.		Start	2020s,	launch	
2030s.			Poster	session	Thurs	5:30

Far-infrared	is	a	Scientific	Frontier	

Table 3: Far-IR Surveyor Example 3000-hour Spectroscopic Surveys (on 10m)

30 µm 50µm 100µm 200µm 400µm approx. galaxy yield
LSS survey: 5000 square degrees – 5� depths [Wm�2]

6.1e-19 2.9e-19 1.21e-19 6.4e-20 3.8e-20 ⇠1 billion
wide: 100 square degrees – 5 � depths [Wm�2]

8.6e-20 4.1e-20 1.7e-20 9.0e-21 5.4e-21 ⇠60 million
deep: 3 square degrees – 5 � depths [Wm�2]

1.5e-20 7.1e-21 3.0e-21 1.6e-21 9.3e-22 ⇠4 million
ultra-deep: 110 square arcminutes – 5 � depths [Wm�2]

1.5e-21 7.1e-22 3.0e-22 1.6e-22 9.3e-23 ?
Numbers are for a 10-meter telescope, using R=500 sensitivities. Assumes that back-
ground is subtracted with no penalty. Depth scales as 1/D2

tel. Instrument is assumed
to be 100 beams in all bands. Survey yield is based on line count estimates at 200 mi-
crons, integrating over 1 octave of bandwidth (e.g. 140–280µm) based on line counts
from Murphy et al.

Figure 5: Spectroscopic sensitivities in the far-IR and submillimeter. Left shows the sensitivity in Wm�2 for a single pointed
observation, assuming chopping off source to remove background (2x conservative). Galaxy spectra assuming L = 1012 L� at
various redshifts are overplotted using light curves, with continuum smoothed to R=500. The right panel shows the speed for
a blind spatial-spectral survey reaching a depth of 10�19 Wm�2 over a square degree, including the number of spatial beams
and the instantaneous bandwidth (here assuming no penalty for background subtraction). We assuming R=500 grating spectrom-
eters with 100 beams (a conservative figure) and 1:1.5 instantaneous bandwidth. Detectors are assumed to operate with NEP =
2⇥10�20 WHz�1/2, a figure which has been demonstrated in the lab. The SPICA / SAFARI-G curve refers to the new con-
figuration: a 2.5-meter telescope with a suite of R=300 grating spectrometer modules with 4 spatial beams, and detectors with
NEP=2⇥10�19 WHz�1/2. ST30 represents a 30-meter class wide-field submillimeter telescope in the Atacama, such as CCAT,
equipped with 100 spectrometer beams, each with 1:1.5 bandwidth. ALMA band averaged sensitivity, and survey speed based on
16 GHz in the primary beam.
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• SPICA	
Proposed	ESA	/	JAXA	2.5m	
cooled	observatory	w/	potential	
JPL	provision	of	far-IR	detectors.		
Launch	in	2030.			Need	to	build	
and	demonstrate	bolometer	
arrays	to	win	MoO competition	
in	2018	/	2019.

6-10	orders	of	magnitude	
improvement	is	possible

• FIR	Probe
Under	study	@	JPL	for	submission	
to	Decadal.			Similar	to	SPICA,	but	
potentially	more	capable	with	
advanced	JPL	detectors	&	
readouts	(KIDs,	QCDs)	which	will	
feature	in	Decadal	submission.
Jason	Glenn	presentation	2:09	
PM,	session	121.

Probe	potential

Time	required	for	new	spectroscopic	
discoveries	in	the	far-IR	(lower	is	faster)

Herschel	w/	warm	
telescope	is	current	
state	of	the	art	(SOFIA	
is	similar)

Ground	(e.g.	
ALMA)JWST Far-IR, a NASA frontier

Increasing	
Sensitivity

Superconductors
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Telescope

SAFARI

SMI

FAS

Phase B2Phase A Phase B1

CRYO

Science Instrument Assembly

Service Module

Payload Module

• ESA	/	JAXA	collaboration,	~2029	launch.
• Pending	candidacy	with	ESA	Cosmic	

Visions	M5	opportunity	(550	Meuro).
• JAXA	commitment	in	place.

• 2.5	meter	telescope	actively	cooled	to	
below	8	K.

• Sumitomo	closed	cycle	4.5K,	1.7K	coolers	
• Planck-like	thermal	design.

• European-led	SAFARI	far-IR	spectrometer
• Grating	system	like	BLISS	but	with	

high-res	mode.			
• Proposed	US	contribution	here.

• Wide-field	mid-IR	instrument	which	
complements	JWST	(JAXA).

January	9,	2018 4



Far-IR	Detectors	for	Space-Borne	Astrophysics
Essential,	and	must	be	built	by	scientists

Long-term	far-IR	
detector	

Requirements
• Per-pixel	sensitivity	
below	3x10-20 W	Hz-1/2 for	
spectroscopy	(targeting	
1x10-19 for	this	work).

• Readout	/	system	
scheme	enabling	105 to	
106 total	pixels	in	a	large	
observatory.

• Ability	couple	efficiency	
across	the	full	30	microns	
to	1	mm	spectral	band.

No	other	market	for	this	
technology	->	NASA	
astrophysics	must	support	
development.

January	9,	2018 Far-IR	SIG					M.	Bradford 5



Transition-edge sensed (TES) bolometers

Goddard	kilo-pixel	array	for	Hawc+	on	
SOFIA.
• 32	x	40	format	with	integrated	bump-

bonding	to	multiplexer.
• NEP	~	8x10-17 W	Hz-1/2
• Time-domain	multiplexer	as	per	

SCUBA-2,	BICEP	/	Keck.			Hard	to	scale	
to	OST	formats.

J.	Staguhn et	al.		@	GSFCJanuary	9,	2018 Far-IR	SIG					M.	Bradford 6



Transition-edge sensed (TES) bolometers

JPL	and	SRON	developed	TES	
bolometers	for	spectroscopy	–
long	legs	and	50-100	mK
temperature.
• NEP	~	1x10-19 W	Hz-1/2
• SRON	RF	frequency-domain	

MUX	with	160-pixel	circuit.		
Might	approach	OST	format	
with	careful	thermal	design	
for	wiring.
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AO NNH12ZDA006O-APEXMO3 Section F—Investigation Implementation 
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proposed spectrometers here.  As shown in Fig 
F-8 and Table E.1-x, these pathfinder programs 
have resulted in the demonstration of prototype 
TES bolometer array with an NEP equal to 
1x10-19 W/Hz1/2, a response time less than 10 
ms, and an optical-coupling scheme designed to 
work with the SAFARI optics optics. 
F.3 FPA Advanced Development 
F.3.1 From Pathfinder to BLISS TES 

Bolometer Arrays 
To meet the design and performance 

requirements of BLISS, we need to adapt 
several aspects of the BLISS pathfinder arrays 
which are summarized in Table F-4. Here we 
describe these adaptations in greater detail:   

The TES chip size must be increased from 
the 32-element pathfinder sub-arrays to 
accommodate the BLISS format and layout. 
BLISS uses two chip formats: 5x55 and 5x35 

(to accommodate the varying spectrometer plate 
scale, Section §E.1.3). As Figure F-2 shows, 
each spectrometer will contain two of each type 
of chip (4 total) butted together creating a total 
array format of 5x180. Fortunately, JPL has 
demonstrated high-yield (>90%) in full 10 x 10 
cm2 wafer-scale chips with the BICEP and 
SPIDER CMB detector program (see Section 
J.xx); these require approximately twice the 
processing steps of the BLISS arrays. 

We plan to leverage the JPL CMB detector 
program to build the BLISS arrays and we 
anticipate no major modification that we need 
to make to the pathfinder BLISS detector 
program to yield chips suitable for flight. JPL 
has a laser trimmer with a 2 x 2 µm2 spot and 
computer controlled stage that we will use to 
remove silicon nitride struts that hold the pixels 
firmly during fabrication.   We have budgeted a 

Table F-4. A summary of the BLISS TES Bolometer Array Heritage and key adaptations to meet the 
BLISS design and performance requirements.  

Detector attribute BLISS flight design Pathfinder Demo Adaptation Note 

Thermistor  

75 nm molybdenum/200 nm 
copper bilayer, 

Critical temperature Tc=110 mK, 
Normal resistance RN=100 mW 

Identical 
Must control critical temperature Tc and normal 
resistance RN across each TES bolometer chip. 

Plan to procure dedicated sputter deposition tool.  

Support beam geometry 0.4 wide by 0.25 thick by 2000 
µm2 silicon nitride Identical 

Larger format array demands high yield.  JPL has 
invested in a laser trimmer that we can use to ‘zap’ 

silicon nitride struts rigidly support pixels during 
fabrication 

Absorber 300 x 300 µm2 tantalum film  SRON 
. Ta films demonstrated at SRON via e-beam 

evaporation.  Need to establish process at JPL with 
existing e-beam evaporator 

Backshort Separate bulk-etched wafer, Flown on Herschel SPIRE and Planck 

 Physical chip & format size  6x 2.5 cm2 &5x55 elements 2 x 0.5 cm2 & 1x32 
elements 

Leverage JPL’s CMB detector program that 
processes very large 10 x 10 cm2 chips. With laser 
trimmer & new sputter chamber will yield > 90%.igh 

yield in 4” CMB arrays with 128 detectors ea. 

 
Figure F-8. JPL and SRON’s pathfinder development programs have demonstrated TES bolometer array 
performance that exceeds the BLISS requirements.  (Left) SRON has designed, built, and tested TES 
bolometer arrays with their SQUID FDM readout and measured end-to-end NEP values on the array that 
exceed the SAFARI requirement. [Suzuki] (Right) Likewise, JPL has designed, built, and tested arrays and 
demonstrated NEP performance using a different version of the SQUID readout. [beyer] 
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careful design of the LC parameters in 
combination with the TES resistance RN. Yield 
is 87% in the pictured device; we expect 
improvement as the fabrication process is 
refined. A similar F-MUX system is being 
used by the US-led CMB experiments 
Polarbear and South Pole Telescope, both of 
which have been producing scientific results in 
the field for several years. (Dobbs+ 2012, 
Dobbs+ 2009). 
F.1.5 BLISS Spectrometer-Level 

Implementation 
The aluminum optics modules from L3-SSG 

are described in §E.1.6, and our focal plane 
array (FPA) system is described in detail in 
§F.1.3 and §F4. Here we describe key aspects 
which are not included in these two major 
elements. 
Thermal Suspensions 

The thermal isolation of the focal plane 
assembly (FPA) at 50 mK and the full module 
1.7 K requires a balance between maintaining 
sufficient margin in  
strength and stiffness to survive launch, while 
fitting under the heat lift allocation at each 
temperature stage. As Table F-1 shows, we 
have a design which meets these requirements 
with margin. The FPA at 50 mK will employ a 
tensioned Kevlar rope suspension scheme with 
flight heritage from Hershel SPIRE. The 
instrument does not suspend significant mass 

at 300 mK, but does intercept the majority of 
the heat load down the Kevlar ropes between 
1.7 K and 50 mK. The design will be refined in 
phase-A, but the CBE design demonstrating 
margin is shown in Figure F-1.  

The BLISS spectrometer modules are 
isolated from the 4.5 K payload interface by 
Ti6Al4V bipod flexures arranged to provide a 
kinematic mount, a straightforward mechanical 
system used in many flight instruments. 
Magnetic Susceptibility and Shielding 
While ambient fields at L2 are much lower 
than on Earth, the TES bolometers and 
SQUIDs may be susceptible to spacecraft-
generated fields. To eliminate this concern, we 
will integrate both high-permeability magnetic 
shielding material into the 1.7 K enclosure 
(only penetrated by the spectrometer slit and 
the thermal penetrations) and local shielding of 
the second-stage SQUIDs. Because magnetic 
susceptibility is easily measured, we will 
characterize it along the development path in 
the FPA testbed-module (TB-M) and the 
spectrometer testbed-spectrometer (TB-S) 
(Table F-5). 
Wiring Harnesses 

The 1-3 MHz bandwidth of the FDM 
permits simple twisted pair superconducting 
wires for the sub-4.5K harness which is part of 
our delivery. The conductors will be NbTi 
which have been clad in a low thermal 

 
Figure F-4. The SRON 176 frequency-domain multiplexer (FDM) meets the BLISS performance 
requirements with margin. Left shows a 176-pixel demonstration setup. The LC filters are arrayed on chips 
to the right and left of the TES bolometer array. Center shows a detail of the LC chips, each unit cell has 
two LC filters (more detail in §J.9.8). Right shows noise performance of a typical channel, with white noise 
below 6 pA / sqrt(Hz) and no 1/f knee below 100 mHz. JPL will receive LC chips and SQUID boards for the 
BLISS focal-plane assembly from SRON. 

January	9,	2018 Far-IR	SIG					M.	Bradford 7



Far-IR	SIG					M.	Bradford

5	x	180	pixel	TES	bolometer	array,	1e-19	NEP	design,	2e-19	requirement,	use	SRON	freq.	domain	MUX.

January	9,	2018 8
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Resonator Multiplexing: Kinetic Inductance Detectors 

these detectors have generally been used with individual preampli-
fiers and wiring for the output signals, which is clearly impractical
for large arrays. Instead, a multiplexed readout approach is needed,
in which preamplifiers and signal wiring are shared among multiple
detectors. Multiplexing schemes are now being developed for
transition-edge sensors15,16, but will require complex, custom-
designed superconducting electronics, located close to the detector
array. Our detector concept17 is based on the microwave measure-
ment of the complex impedance of a thin superconducting film, and
allows a simple frequency-domain approach to multiplexing. This
results in a dramatic simplification of the detector array and
associated cryogenic electronics, and harnesses the rapid advances
in wireless communications electronics. The results we present
include the demonstration of single X-ray photon detection with
a high signal-to-noise ratio and a measurement of the detector
noise. Although much work remains to be done to optimize the
performance, and to produce and use practical detector arrays, the
devices already achieve very interesting levels of sensitivity.
In order to explain the operation of our detector, wemust quickly

review the electrodynamics of superconductors18. As its name
implies, a superconductor has zero resistance for d.c. electrical

current. This supercurrent is carried by pairs of electrons, known
as Cooper pairs. Cooper pairs are bound together by the electron–
phonon interaction, with a binding energy 2D < 3.5kBTc, where Tc

is the superconducting transition temperature. However, supercon-
ductors have a nonzero impedance for a.c. currents. An electric field
applied near the surface of a superconductor causes the Cooper
pairs to accelerate, allowing energy storage in the form of kinetic
energy. Because the supercurrent is non-dissipative, this energy may
be extracted by reversing the electric field. Similarly, energy may be
stored in the magnetic field inside the superconductor, which
penetrates only a short distance, l < 50 nm, from the surface.
The overall effect is that a superconductor has a surface inductance
L s ¼ m0l, due to the reactive energy flow between the super-
conductor and the electromagnetic field. The surface impedance
Zs ¼ Rs þ iqLs also includes a surface resistance Rs, which describes
a.c. losses at angular frequency q caused by the small fraction of
electrons that are not in Cooper pairs, which are called ‘quasipar-
ticles’. For temperatures Tmuch lower than Tc, Rs ,, qLs.

Photons with sufficient energy (hn . 2D) may break apart one or
more Cooper pairs (Fig. 1a). The absorption of a high-energy
photon creates Nqp < hhn/D quasiparticles; the excess quasiparti-

Figure 1 An illustration of the detection principle. a, Photons with energy hn . 2D are

absorbed in a superconducting film cooled to T ,, Tc, breaking Cooper pairs and

creating a number of quasiparticle excitations Nqp ¼ hhn/D. In this diagram, Cooper

pairs (C) are shown at the Fermi level, and the density of states for quasiparticles18, Ns(E ),

is plotted as the shaded area as a function of quasiparticle energy E. b, The increase in
quasiparticle density changes the (mainly inductive) surface impedance Zs ¼ R s þ iq Ls
of the film, which is used as part of a microwave resonant circuit. The resonant circuit is

depicted schematically here as a parallel LC circuit which is capacitively coupled to a

through line. The effect of the surface inductance L s is to increase the total inductance L,

while the effect of the surface resistance Rs is to make the inductor slightly lossy (adding a

series resistance). c, On resonance, the LC circuit loads the through line, producing a dip
in its transmission. The quasiparticles produced by the photons increase both L s and R s,

which moves the resonance to lower frequency (due to L s), andmakes the dip broader and

shallower (due to R s). Both of these effects contribute to changing the amplitude

(producing power change dP ) (c) and phase (d) of a microwave probe signal transmitted
though the circuit. The definition of the phase angle used here is explained in Fig. 3. The

amplitude and phase curves shown in this illustration are actually the data measured for

the test device (Fig. 2) at 120mK (solid lines) and 260mK (dashed lines). This choice of

circuit design, which has high transmission away from resonance, is very well suited for

frequency-domain multiplexing, because multiple resonators operating at slightly

different frequencies could all be coupled to the same through line.

Figure 2 A microscope photograph of the device tested. Light and dark regions are the

aluminium film and bare sapphire substrate, respectively. A, coplanar waveguide (CPW)

through line used for excitation and readout. B, Meandered quarter-wavelength resonator

section, with an overall length of 3 mm, and resonance frequency around 10 GHz. C,

coupling capacitor. D, short-circuit termination. The coupling region is magnified in the

inset; the diagram shows the equivalent circuit. Both CPW lines have a 50Q characteristic

impedance, and are fabricated from a single 2,200-Å-thick aluminum film (T c ¼ 1.23 K)

using standard contact photolithography. The centre conductor of width 3 mm is

separated by 2-mm gaps from ground planes on either side. The fraction a of the total

inductance per unit length contributed by the surface inductance of the aluminium film

can be written as a sum of centre strip and ground plane terms, a ¼ acentre þ aground.

These are calculated to be acentre < 0.04 and aground < 0.02 using a finite-element

method26, assuming an effective penetration depth l ¼ 50 nm. The measured resonator

quality factor Q ¼ f0 /Df is 52,500 at low temperatures T ,, Tc (Fig. 1). This device is

mainly sensitive to photon events in the centre strip (V ¼ 2,000mm3) of the CPW line

rather than in the ground plane, because the microwave current in the ground plane is

concentrated near the edge of the CPW line; quasiparticles generated in the ground plane

near the edge of the CPW line can easily diffuse away. Similarly, the device is more

sensitive to centre strip events occurring near the short-circuited end, where the

standing-wave pattern of the microwave current reaches a maximum. Quasiparticles

generated in the centre strip may also diffuse out of the short-circuited end; the peak

response therefore occurs roughly one diffusion length (,1mm) from this end. Photon

events in the through line are not seen, because there is no resonant enhancement of the

surface impedance effect.

letters to nature

NATURE |VOL 425 | 23 OCTOBER 2003 | www.nature.com/nature818 © 2003        Nature  Publishing Group

Day,	Zmuidzinas &	LeDuc
2003

Superconducting	high	Q	
resonator

Photons	break	
superconducting	Cooper	
Pairs,	creating	free	electrons	
which	change	the	impedance	
of	the	resonator.

Frequency	shift	is	measured	
via	phase	shift	in	RF	/	
microwave	probe	tone.

Hundreds	can	be	read	out	on	
a	single	line



Resonator Multiplexing: Kinetic Inductance Detectors 

• temp
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KIDS:'basic'concept'

J.	Zmuidzinas

MAKO	350	
micron	camera

NEP	~	10-16
W/sqrt(Hz)
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J.	Zmuidzinas



Direct	Absorbing	Aluminum	KID
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Single-layer	40	nm	aluminum.		Dual-pol	meandered	inductor.	(McKinney	&	Reck design,	LeDuc
fab). Backshort for	850	GHz	via	SOI.			~100	MHz	readout	frequencies



Detector	Package	/	Testbed

x2	metal-mesh	filters
840	GHz	bandpass
1000	GHz	low-pass

cryogenic	blackbody

3He	sorption	fridge
T	>	210	mK
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Hailey-Dunsheath et	al,	JLTP,	in	press



Ground-Based	Science	in	the	Age	of	ALMA

ALMA	very	sensitive	but	not	well-suited	to:	
1. Surveys	of	many	(meaning	thousands)	of	galaxies,	particularly	when	redshifts	are	not	

known.							This	can	be	addressed	with	a	multi-object	spectrometer	(MOS)	using	a	
number	of	wideband	backends with	steered	feeds	on	a	large	telescope.

2. Detection	of	diffuse	glow	from	unresolved	sources,	e.g.	from	the	Epoch	of	Reionization.			
This	can	be	addressed	through	tomography	with	an	camera	composed	of	many	
wideband	spectrometer	‘pixels.’

Both	require	a	compact,	array-able	wideband	direct-detection	spectrometer.	
January	9,	2018 Far-IR	SIG					M.	Bradford 14

A 30-m Sub/mm Survey Telescope to Probe DSFGs into the EoR 2016/03/08

Chajnantor Sub/millimeter  
Survey Telescope

Low-cost, 30m, 850µm 1° FoV
Light, “minimal” mount

Primary floats on single-point support at 
center-of-gravity

Hexapod operates in balanced,  
“weightless” mode  
(except for wind & seismic):  
hexapod is repeatable

1 rad range-of-motion: 20,000 deg2 at equator
1o diffraction-limited FoV at 850 µm  

at single forward instrument mount

Cheap materials, sophisticated design  
and controls
Machined Al panels on steel truss

Simple mechanisms: No cable wraps
Light, exposed structure
Active surface and offset guiding 

corrects wind and thermal deformations
7

Padin,
Appl Opt (2014)

LMT	/	GTM	on	
Cerro	Negra,	
Mexico.		Now	
fitted	at	50	m!

CSST	concept:	low-
cost	30-m	telescope	
for	Atacama.		
Supported	by	hexapod,	
not	traditional	(heavy	&
expensive)	Az/El	mount.				
Golwala lead	@	Caltech.



Ground-Based	Science	in	the	Age	of	ALMA
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• Superspec on-chip	
spectrometer:		300	channels	
covering	1	mm	window.		Few	
square	cm	in	size.

• Tomography	for	CII	&	CO
• Multi-object	spectrometer	

which	can	be	faster	than	ALMS	
for	galaxy	spectral	surveys.

• First	step	is	demonstration	on	
Large	Millimeter	Telescope	
(LMT)	in	late	2018.

Wheeler	et	al.,	JLTP
McGeehan	et	al,	JLTP



Far-IR	Detectors	for	Space-Borne	Astrophysics
Essential,	and	must	be	built	by	scientists

Long-term	far-IR	
detector	

Requirements
• Per-pixel	sensitivity	
below	3x10-20 W	Hz-1/2 for	
spectroscopy	(targeting	
1x10-19 for	this	work).

• Readout	/	system	
scheme	enabling	105 to	
106 total	pixels	in	a	large	
observatory.

• Ability	couple	efficiency	
across	the	full	30	microns	
to	1	mm	spectral	band.

No	other	market	for	this	
technology	->	NASA	
astrophysics	+	Euro	&	
Japanese	agencies	must	
develop.
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Quantum	Capacitance	Detector	(QCD)
update	on	200-micron	devices
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• Aluminum	mesh	absorber	
which	is	impedance	matched	
to	free	space	(like	typical	far-
IR	KIDs),	

• But	has	a	small	volume:		1.6	
microns^3.			60	microns	
extent	(about	lambda	in	
silicon).

• (Illuminated	through	silicon	
micro-lens)

• Resonators	operate	around	3	
GHz,	each	is	~700	x	300	
microns	in	size:		0.2	mm^2,	
but	not	optimized

• Area	scales	as	f^-2,	so	to	
push	down	to	~1	GHz	
requires	1.9	mm^2,	but	
expect	can	do	~2x	better	with	
more	efficiency	design.

• Pierre	Echternach et	al.



Counting	Far-IR	Photons	with	the	QCD
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• Sweep	rate	~	22kHz	spanning	4	Quantum	Capacitance	Peaks	=>	effective	sweep	rate	~	88kHz
• Should	block	background	tunneling	while	still	allowing	tunneling	due	to	single	photon	absorption
• Raw	QC	time	trace	should	be	absolutely	periodic
• Gaps	are	due	to	high	tunneling	suppressing	the	Quantum	Capacitance		signal,	due	to	photon	absorption.

Photon Photon Photon

500	us

Photon	counting	not	required	for	OST	science,	but	does	offer	some	system-level	
advantages:
*1/f	noise	not	an	issue,		
*	low	NEP	strictly	speaking	not	required.	 Echternach et	al.,	Nature	Astronomy	2,	90-97

Nov	2017



The'landscape'in'2015'

SPACEKIDS/FP7'
Small$volume'Al'?'
Suspended'devices?'

INTERFEROMETER'

Far-IR	Detectors:	Current	State	of	the	Art	
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J.	Zmuidzinas,	summer	2015,
w/	MB	updates

January	9,	2018

OST	target

SSPEC TiN @ 100 mK

Horn-coupled Al KID
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J.	Zmuidzinas,	summer	2015,
w/	MB	updates
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OST	target

SSPEC TiN @ 100 mK

Horn-coupled Al KID

Outlook
• Far-IR detectors are unique and will not develop themselves.
• Sensitivity and format are the primary metrics. 
• We have at least 3 promising technologies / approaches with proof of principle 

demonstrated in small 2-3 year APRA and SAT-type grants.
• Sustained, directed development is required to reach sensitivity & format, and also 

maturity for OST and/or precursors / Probes.
• E.g. cosmic ray susceptibility.

Far-IR	Detectors:	Current	State	of	the	Art	



Thank	you
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